Background: Recent work has identified and mapped a range of posttranscriptional modifications in mRNA, including methylation of the N6 and N1 positions in adenine, pseudouridylation, and methylation of carbon 5 in cytosine (m5C). However, knowledge about the prevalence and transcriptome-wide distribution of m5C is still extremely limited; thus, studies in different cell types, tissues, and organisms are needed to gain insight into possible functions of this modification and implications for other regulatory processes. Results: We have carried out an unbiased global analysis of m5C in total and nuclear poly(A) RNA of mouse embryonic stem cells and murine brain. We show that there are intriguing differences in these samples and cell compartments with respect to the degree of methylation, functional classification of methylated transcripts, and position bias within the transcript. Specifically, we observe a pronounced accumulation of m5C sites in the vicinity of the translational start codon, depletion in coding sequences, and mixed patterns of enrichment in the 3′ UTR. Degree and pattern of methylation distinguish transcripts modified in both embryonic stem cells and brain from those methylated in either one of the samples. We also analyze potential correlations between m5C and micro RNA target sites, binding sites of RNA binding proteins, and N6-methyladenosine.
Background
Posttranscriptional modification of RNA has been known for longer than 70 years. To date, more than 140 modifications that map to all bases as well as the ribose moiety have been discovered in the abundant non-coding RNAs of the cell, in particular in transfer and ribosomal RNAs (tRNAs and rRNAs) [1] . By contrast, much less is known about base modifications in poly(A) RNAs [2] [3] [4] . Only recently, with the advent of techniques enabling transcriptome-wide position-specific determination of base modifications, specifically methylation, has this area attracted a surge of attention. It has become clear that posttranscriptional RNA modification may impose an additional level on transcript regulation. Similar to what is known from chromatin, where modifications of the DNA and histones have been recognized as important regulators of genomic information and are therefore part of the "epigenome," the ongoing discovery of distinct RNA modifications has prompted the coining of the terms "RNA epigenetics" [5] and "epitranscriptomics" [6, 7] . To date, the best studied modification of poly(A) RNA is N6-methyladenosine (m6A) and, in analogy to the epigenetic code, "writers," "erasers," and "readers" of this modification have been identified [8] [9] [10] [11] [12] . Recent work has shown that m6A affects transcript splicing, stability, translation, and nuclear export [13] [14] [15] [16] [17] [18] , and inactivation of the responsible methyltransferase complex METTL3/METTL14/WTAP severely impairs embryonic stem cell differentiation and results in early embryonic lethality [15, 19] . Pseudouridine and N1-methyladenosine (m1A) are further modifications that have recently been discovered on a transcriptome-wide level in mammalian RNA [20] [21] [22] [23] , yet their functional impact has not been studied yet.
In addition to these modifications, it has been known since the 1970s that the C5 atom of cytosine can be a target of methylation in poly(A) RNA in HeLa and hamster cells [24, 25] . By contrast, other early studies failed to detect m5C in mRNA [26, 27] . Due to the lack of suitable methodology, research on m5C all but ceased for several decades. Several enzymes belonging to the RNCMT (RNA (cytosine-5) methyltransferase) family of proteins have been shown to act as cytosine methyltransferases for tRNAs and rRNAs using a catalytic mechanism that involves transient formation of a covalent enzyme-cytosine adduct [3, 28] . By exploiting this property, two recent studies reported the transcriptomewide mapping of m5C sites generated by the methyltransferases NSUN2 and DNMT2, respectively, in the mouse and in human cell lines [29, 30] . It was shown that both enzymes preferentially target tRNAs, and that NSUN2 also modifies the highly abundant vault RNAs [30] . The adaptation of the bisulfite sequencing technique that is widely used to study DNA methylation for application with RNA [31] enabled the unbiased mapping of m5C sites in poly(A) RNA in a transcriptomewide manner. To date, only two studies have used this technique to investigate global m5C in human HeLa cells [32] and in archeal mRNA, respectively [33] . Both studies revealed widespread occurrence of m5C in poly(A) RNA. We have previously shown that the long non-coding RNAs XIST and HOTAIR are methylated in vivo and that the methylation interferes with binding of XIST to Polycomb repressive complex 2 (PRC2) in vitro [34] .
Thus, in this work, we aimed at obtaining a deeper understanding of m5C methylation in poly(A) RNA in the mouse. To this end, we mapped m5C globally using RNA bisulfite sequencing (RNA BS-seq) in embryonic stem cells (ESCs) and the brain in total and nuclear poly(A) RNA and compared its prevalence and distribution in both cell/tissue types and cellular compartments. In addition, we examined potential links to micro RNA (miRNA) and protein binding sites and m6A patterns. Collectively, these data constitute a comprehensive picture of cytosine methylation in poly(A) RNA of different cell types/tissues in the mouse and provide the basis for future studies of its function and biological significance in mammals.
Results
Bisulfite sequencing of nuclear and total poly(A) RNA in embryonic stem cells and mouse brain Bisulfite treatment, m5C calling, and controls
To gain an overview of transcriptome-wide cytosine methylation, we performed bisulfite sequencing (BS-seq) of RNA derived from mouse ESCs and from the adult mouse brain. We prepared poly(A)-enriched RNA from three biological replicates of both samples and performed three cycles of bisulfite treatment followed by deep sequencing using the Illumina HiSeq platform. In addition, we performed the same experiments with poly(A) RNA isolated from purified nuclei of ESC and brain. To control for efficient bisulfite-mediated C → U conversion, the samples were supplemented with in vitro transcribed and folded RNA templates corresponding to nucleotides (nt) 914-1465 of Escherichia coli 16S rRNA (ESC and brain) as well as a transcript corresponding tõ 5700 nt of the pET-15b vector sequence (ESC). On average, we obtained~58 million unambiguously mapped reads for each of three brain replicates and~40 million unambiguously mapped reads for each ESC replicate (Additional file 1). For high-confidence mapping and m5C calling, we developed a specialized bioinformatics tool package [35] . Using this pipeline, the vast majority of reads could be aligned to the mouse reference genome (GRCm38/mm10) with 0-1 mismatches (Additional file 2: Figure S1 ). Analysis of the spike-in controls revealed C → U conversion rates >99% (Additional file 3). For m5C calling, we considered only positions that were covered by >10 reads and showed a non-conversion rate of >20% and a methylation state false discovery rate (FDR) <0.01 (calculated using spike-in control conversion rates as described in [35] ). In addition, candidate m5Cs had to be present in all three replicates. Using these parameters, we detected zero m5Cs in the 16S rRNA yet one position in the pET vector spike-in control (Additional file 2: Figures S2 and S3 ). Since efficient bisulfite treatment requires that the cytosines are single stranded, we introduced an additional filtering step to the m5C dataset to eliminate potential false positive candidates arising from putative secondary structure formation. To this end, we retrieved all full-length transcripts containing an m5C candidate from the RefSeq database (GRCm38.p3) and subjected them to secondary structure prediction using the RNAfold algorithm (see Methods for details). We then discarded all m5Cs that were predicted to be in a base-paired state. These highly stringent filtering parameters also successfully eliminated the single false positive in the spike-in controls (Additional file 2: Figure S3 ).
Total poly(A) RNA
Applying these parameters to our total poly(A) RNA, we discovered 7541 m5C candidate sites in ESCs and 2075 m5C candidates in the brain (Fig. 1a , Additional files 4 and 5). Mapping of the methylated positions to the reference genome revealed their location in 1650 (ESC) and 486 (brain) annotated genes, respectively (Fig. 1b) , which corresponds to 11% (ESC) and 3% (brain) of all genes for which we detected expression with more than 10 reads (mean normalized read count; Additional file 6). Comparing the data from ESCs with those from brain also revealed that most of the identified sites were specific to ESC (90%) and brain (67%), respectively (Fig. 1a) , meaning that they appeared in all three replicates of one sample but in fewer than three replicates of the other. Interestingly, the data also suggest that the number of methylated sites per gene is higher in transcripts found specifically methylated in either ESC or brain (ESC: 4.8 sites/ gene; brain: 5.5 sites/gene) compared to transcripts methylated in both samples (3 sites/gene). However, it is important to note that due to the short sequencing read lengths, it is not possible to determine the methylation state of individual full-length mRNA molecules, and thus these numbers are merely rough estimates. Taken together, the results imply that (1) the overall frequency of m5C occurrence is higher in ESC than in brain samples, (2) the diversity of methylated transcripts is higher in ESCs compared to brain, and (3) transcripts methylated in one sample but not the other tend to have higher numbers of m5Cs than transcripts methylated in both samples.
Nuclear poly(A) RNA
As the poly(A) RNA fraction of total RNA contains both cytoplasmic and preprocessed transcripts as well as mature transcripts located in the nucleus, we were interested to learn whether there is a difference between m5C distribution in the total RNA-derived fraction and nuclear RNA. Therefore, we prepared poly(A) RNA from isolated nuclei of ESCs and the brain for bisulfite treatment and sequencing applying identical quality control and analysis parameters as before (Additional file 1). We found almost twice as many m5C sites (12, 492) in nuclear RNA of ESCs and almost four times more m5C sites (7893) in brain nuclear RNA compared to the corresponding total poly(A) RNA samples (Fig. 1a , Additional files 7 and 8). These sites mapped to 1951 genes in ESCs and 1511 genes in the brain (Fig. 1b) . Similar to the findings for total poly(A) RNA, the majority of m5C candidate sites were specific to the sample type (92% in ESCs, 87% in brain). Also, the number of m5C sites per gene was higher in transcripts methylated in one sample compared to those methylated in both samples. Unlike in the total poly(A) RNA samples, however, the frequency of methylation in the sample-specific methylated transcripts was slightly lower in brain (6.9 sites/gene) than in ESCs (8 sites/gene), while the opposite trend was apparent in total poly(A) RNA. We also detected several non-coding RNAs in our samples (Additional files 4, 5, 7, and 8). For example, the highly expressed long non-coding RNA (lncRNA) Malat1 was found to contain methylated cytosines in its 5′ region in both ESC and brain (Additional files 4 and 5). However, overall the number of detected ncRNAs was small in both total and nuclear poly(A) RNA.
Taken together, these results show that there are considerable differences in m5C prevalence and distribution between ESCs and adult brain. In particular, ESCs have an overall higher degree of methylation in both total and nuclear poly(A) RNA, and these m5Cs are distributed across a wider variety of transcripts than in the brain. Furthermore, poly(A) RNA derived from nuclear RNA exhibits substantially more methylated Cs in both samples, translating into higher m5C per transcript rates than in total poly(A) RNA.
Validation of methylation targets
As pointed out above, bisulfite-mediated deamination of cytosine is inhibited if the target cytosine is part of an RNA or DNA double strand. Although we have already applied stringent filtering to our dataset with respect to the potential of secondary structure formation, we further tested our method with strongly folded RNA oligonucleotides. To this end, we synthesized the following three RNA oligonucleotides forming highly stable hairpin structures: RNA I containing a six-nucleotide-long C:G stem and a UUCG tetraloop, RNA II corresponding to a recently published quadruplex structure [36] , and RNA III corresponding to the repeat 8 region of human XIST RNA [34, 37] (Additional file 2: Figure S4 ). These oligos were subjected to our bisulfite treatment protocol and subsequently analyzed by mass spectrometry. The results clearly show complete conversion of all Cs to Us even in the extended C:G stem structure of RNA I (Additional file 2: Figure S4 ), implying that potential secondary structures in the RNA source material can be overcome by this method.
In order to validate our results from the BS-seq analysis by yet an alternative method, we chose several candidate transcripts to confirm their methylated state by methyl-RNA immunoprecipitation (meRIP) using an antibody against m5C (Fig. 2a) . Using immuno-northern blot with in vitro generated control transcripts in which 0%, 50%, or 100% of all Cs were replaced by m5Cs, we first showed that the anti-m5C antibody specifically recognizes m5C-containing but not unmethylated transcripts (Additional file 2: Figure S5 ). Out of the 16 candidate transcripts that were analyzed, meRIP revealed significant enrichment over the IgG control reactions of 13 candidates. The TATA binding protein (Tbp) transcript that was not called as a methylation target in our analysis served as a negative control and showed no enrichment (Fig. 2b) .
Taken together, using two alternative methods (mass spectrometry and meRIP) to validate our bisulfite treatment protocol and results, and taking into account the high deamination rates of the unmethylated spike-in controls and the stringent m5C calling parameters, we are confident that our m5C data represent a reliable picture of the methylcytosine epitranscriptome in ESCs and the mouse brain.
Differential methylation patterns in ESC and brain are typically not caused by differential expression
To examine sample-dependent differences observed in the methylation patterns of ESC and brain, we assigned the identified methylated sites to three groups: unique methylation sites in ESCs and brain, respectively (these two groups comprise sites that were found methylated in three replicates of one but in none of the other sample), and common methylated sites (those found in three replicates of one and in at least one replicate of the other sample). We then determined if the sites present in the unique group were not present in the other sample because they were on transcripts not expressed in the other sample or the site was not covered by >10 reads, or if they were not methylated above the threshold of 0.2 even though the sequencing coverage of the site was sufficient in the other sample. We found 4461 uniquely methylated sites on annotated transcripts in total RNA from ESCs. Only 3% of these transcripts were expressed with a mean normalized count of <10 reads in the brain, indicating that the remaining majority of these transcripts were indeed expressed in the brain. Interestingly, 57% of the sites methylated in ESCs on these transcripts were not methylated in the brain, although the specific sites were covered by >10 reads, while 44% of the sites were not covered by enough reads to make the cut-off for calling (Fig. 3a) . Thus, we conclude that the majority of uniquely methylated sites on annotated transcripts in ESCs are due to differential methylation rather than differential or lacking expression between ESCs and brain.
When taking a closer look at the unique group of methylations from brain total poly(A) RNA, we observed a different picture (Fig. 3b) . We found 921 unique sites on annotated transcripts. However, a larger fraction (8.8%) than in ESCs resided on transcripts not expressed in ESCs. Also, the vast majority of sites on the expressed transcripts (87%) were not covered by enough reads in Fig. 2 Verification of candidate methylated transcripts by meRIP. a Graphical depiction of the meRIP approach. RNA was extracted from cells, chemically fragmented, incubated with an anti-5-methylcytosine antibody or IgG, and antigen-antibody complexes were captured with protein A beads. Specific candidate RNAs (blue bars in b) were analyzed by qPCR of immunoprecipitated material, and enrichment relative to the IgG control (black bar in b) was calculated. b MeRIP shows significant enrichment of 13 out of 16 candidate transcripts. The Tbp transcript (white bar) served as a negative control, since it was not detected in our m5C dataset. Data are shown as mean ± standard error of the mean (SEM) of three independent experiments. Statistical significance was determined by unpaired t test, significance threshold p < 0.05 (*)
ESCs to match the m5C calling criteria, indicating low overall expression of the respective transcripts in ESCs. Eleven percent of the uniquely methylated sites on annotated transcripts from the brain showed clear differential methylation, as they were sufficiently covered by sequencing but did not reach the limit of 20% methylation in ESCs (Fig. 3b) . Collectively, these results suggest that cytosine methylation in mRNAs can occur in a highly cell/tissue type-specific manner that is independent of transcript expression levels and that this appears to be an ESC-specific feature.
We also performed the same analyses for the analogous samples from nuclear poly(A) RNA. However, in that case the fraction of sites that did not reach sufficient read coverage in the opposite sample was much higher (especially for the brain samples), suggesting that low expression was the major reason for the occurrence of uniquely methylated cytosine positions (Additional file 2: Figure S6 ).
Cytosine methylated transcripts are involved in general and cell type-specific functional pathways
To determine if cytosine methylation is linked to specific functional roles in the cell, we performed Gene Ontology (GO) term enrichment analyses of target mRNAs identified in ESCs and brain. For transcripts methylated uniquely in ESCs, we found highly significant (p < 0.01) enrichment of categories corresponding to cell cycle, RNA processing and transport, chromatin modification, and development-related processes, while unique brain targets showed strong overrepresentation of GO terms linked to transport, nervous system development, synapse function, and protein targeting. Lipid metabolism, phosphorylation, and transport dominated the GO term analysis of transcripts that were found to be methylated in both ESCs and the brain (Fig. 4) . These results indicate that cytosine methylation affects transcripts that are important for general cell metabolism as well as for processes that reflect the specific functions of the respective cell type/tissue.
Methylated cytosines show common and distinct distribution features in ESCs and in the brain Total poly(A) RNA
To gain a better understanding of the distribution of m5C sites in the mouse transcriptome, we examined the location of all m5Cs with respect to underlying transcript features. The majority of m5C sites were detected in the three segments of mRNA, 5′ UTR, coding sequence (CDS), and 3′ UTR, in both ESC and brain total poly(A) RNA, while about 26% (ESC) and 17% (brain) mapped to intronic and non-annotated sequences (Fig. 5a ). Interestingly, there was a difference between ESC and brain, since in ESC total poly(A) RNA most methylated cytosines were detected in the coding sequence of mRNAs, while in the brain most sites were present in the 3′ UTRs (Fig. 5a ). Closer inspection of the annotated mRNAs revealed significant enrichment of m5C sites in the 5′ UTR and significant depletion in the CDS in brain and ESC mRNAs (Fisher exact test; Table 1 ). Unexpectedly, weak depletion (odds ratio: 0.94, p = 0.03) was detected in the 3′ UTR of total poly(A) RNA from ESCs, but not from brain. By contrast, looking only at methylation sites shared by both samples, we found significant enrichment in the 3′ UTR, while those found in ESCs only were depleted and those found uniquely in the brain were also enriched in the 3′ UTR (Additional file 2: Figure S7 ).
We then sought to determine if there is a potential location bias within the 5′ UTR, 3′ UTR, and CDS. To this end, meta-gene profiles were generated on normalized rescaled Fig. 3 The majority of uniquely methylated cytosines in ESC total poly(A) RNA are due to differential methylation rather than differential expression between ESC and brain. a The expression levels and methylation rates of m5Cs identified as unique to ESCs were analyzed in the brain samples. b The expression levels and methylation rates of m5Cs identified as unique to brain were analyzed in the ESC samples. Multi-level pie charts display the numbers of sites on annotated and non-annotated transcripts in the innermost ring, the numbers of sites on transcripts with a mean normalized count of more (dark green) or fewer (light green) than 10 reads in the middle ring, and the numbers of sites with sequence coverage <10 reads (blue) or sequence coverage >10 reads but methylation rate lower than 0.2 (yellow) in the outer ring. Positions in which the mean values for coverage and non-conversion were skewed towards methylation by an individual replicate were classified as biased mean segments of the respective sections. For comparison, the same analyses were performed with Cs sampled randomly from the three segments of the same transcripts (Additional file 2: Figure S7 ). These analyses revealed a pronounced increase in m5C frequency towards the end of the 5′ UTR and at the very beginning of the CDS in both total poly(A) RNA samples, suggesting enrichment around the translational start codon (Fig. 5b , c, Additional file 2: Figure S7) . Indeed, statistical analysis of m5C distribution in the vicinity of the start codon (+/-25 nt) demonstrated highly significant enrichment of m5C in this region when compared to random C distribution (Table 1) . Furthermore, we noted that the distribution of m5C sites in the 3′ UTRs was not uniform in the different transcript categories. Specifically, in transcripts methylated in total poly(A) RNA of both ESCs and brain, we observed increased m5C frequency in the middle of the 3′ UTRs, in transcripts uniquely methylated in the brain, the peak shifted towards the 3′ end, while in transcripts methylated in ESCs only, m5C distribution was flat (Additional file 2: Figure S7 ).
In summary, we find a previously unknown distinct propensity for m5C to accumulate around the translational start codon in total poly(A) RNA. By contrast, the CDS is depleted of m5C. The 3′ UTRs show a differentiated picture, with clear enrichment for m5C positions found in brain and weak or no enrichment for sites exclusively methylated in ESCs. Thus, cytosine methylation in the 3′ UTR appears to be linked to the cell type as well as to the nature of the transcript.
Nuclear poly(A) RNA
Performing the same analyses as described above with the m5Cs detected in the nuclear fraction of poly(A) RNA revealed substantial differences in the m5C distribution pattern in nuclear poly(A) RNA compared to total poly(A) RNA. In both ESCs and brain, the great majority of m5C sites mapped to introns and nonannotated sequences in nuclear RNA. This was particularly pronounced for brain RNA, where 69.9% of all detected m5Cs decorated intronic sequences (ESCs 44.8%). Similar to the poly(A) RNA samples, we found for the mRNA sequences that the relatively largest fraction of m5Cs mapped to the CDS in ESCs and to the 3′ UTR in the brain, respectively (Fig. 5d) . Enrichment analysis again revealed significant enrichment of m5Cs in 5′ UTRs, although it was less pronounced than in total poly(A) RNA (Table 1 ; Fig. 5e, f ) . In contrast to total RNA, however, m5C sites were weakly enriched in the 3′ UTR of ESCs and strongly enriched in brain mRNAs (Table 1) . Also in this case, a location change of the 3′ UTR peak towards the 3′ end was clearly detectable between transcripts methylated in both ESC and brain and those uniquely methylated in the brain. Methylated cytosines were depleted from the CDS as in total poly(A) RNA, except for transcripts uniquely methylated in ESCs, for which a slight enrichment was observed (odds ratio 1.29, p = 2.9E-12) ( Table 1 ; Additional file 2: Figure S7) . Moreover, the significant enrichment of m5C sites around the translational start codon was also observed in nuclear poly(A) RNA (Table 1) , although the peaks were slightly smaller than in total poly(A) RNA (Fig. 5e, f ; Additional file 2: Figure S7) . Thus, our analyses reveal distinct m5C localization bias within transcripts of ESCs and the brain. In addition, m5C distribution is different in total poly(A) RNA and nuclear poly(A) RNA, with the latter exhibiting more pronounced accumulation of m5C in the 3′ UTR and less pronounced accumulation in the 5′ UTR. In both nuclear and total poly(A) RNA, the relative distribution of m5C sites within the 3′ UTR correlates with the cell/tissue type as well as with the nature of the transcript.
Overlap with functionally important motifs
We found that brain nuclear and total transcripts in particular show accumulation of m5C sites in the 3′ UTR (Fig. 5) . Therefore, and because a previous m5C analysis in human cells found a correlation between Argonaute (Ago) binding sites and m5C position [32] , we examined if miRNA binding sites are linked to the m5C mark. To this end, we searched all m5C sites identified in the 3′ UTRs of total poly(A) RNA against the miRNA target sites available at microRNA.org [38] . For comparison, we used an equal number of Cs randomly sampled from the same 3′ UTRs to test for the probability of an overlap between miRNA and m5C sites. Surprisingly, random permutation analysis revealed that m5C sites were depleted rather than enriched at the miRNA target sites ( Table 2) . We then determined if, perhaps, m5Cs overlap with binding sites of the miRNA binding protein Argonaute 2 (Ago2), and found that although the fraction of Ago2 sites coinciding with m5C was quite low in both ESCs and brain (0.4% and 0.06%, respectively; Fig. 6 , Additional file 9), permutation analysis revealed it to be significantly increased compared to random Cs. Nevertheless, in light of the negative correlation between miRNA sites and m5Cs and the very low numbers of overlapping Ago2 binding sites, we conclude that there is no strong link between m5C and miRNAmediated transcript regulation.
We also analyzed the relationship between other RNA-binding proteins (RBPs) for which data are available in CLIPdb [39] and m5C sites identified in this 6 , Additional file 9). In particular, the largest relative overlaps were found for UPF1, a protein involved in nonsense-mediated RNA decay, the splicing factors SRSF3 and SRSF4, and the PRC2 subunit EZH2 (Fig. 6 , Additional file 9). Collectively, these data suggest that cytosine methylation may be involved in the binding of certain RBPs. Considering the relatively low numbers of RBP sites overlapping with m5C, however, such a potential role may be very specific to a particular transcript rather than a general way to regulate factor binding.
Discussion
In this study, we present a comparative analysis of cytosine methylation in two mouse cell types/tissues in total and nuclear poly(A) RNAs. We have analyzed No. of iterations 10,000 10,000 10,000 10,000 undifferentiated pluripotent embryonic stem cells on one hand, and we have examined the brain as a highly differentiated and multi-cell type tissue on the other hand. Using high stringency criteria and independent quality control experiments, we identified m5C sites in several hundred mRNA and in noncoding transcripts, and we show that there are considerable differences in number and distribution of methylated Cs in the different samples. Our data reveal a higher diversity of methylated mRNAs in ESCs compared to brain. The GO analysis showed that transcripts that were methylated exclusively in ESCs or the brain, respectively, were enriched in categories that are characteristic for that particular cell or tissue type. For example, in highly proliferative ESCs that possess very dynamic chromatin, GO terms, such as cell cycle, RNA, and chromatin modification, were enriched among the methylated transcripts, whereas in the brain, methylated transcripts were enriched in categories related to ion transport or synapse function. It is interesting to note that, particularly in ESCs, most of the sites that were methylated specifically in ESCs were not methylated in the brain samples, although the transcripts were expressed. Hence, it is possible that differential methylation of transcripts in different cell types is involved in modulating the properties of a particular transcript with respect to turn-over or translation.
Cytosine methylation accumulates around the translational start codon
To date, the molecular function of m5C in mRNA is not known; therefore, we can only speculate about the significance of these findings. One clue may derive from the non-random distribution of methylated Cs along the mRNA sequences. For instance, the distinct m5C peak in the vicinity of the translational start codon may suggest that m5C affects the initiation of translation. This might occur by promoting or inhibiting the efficiency of ribosome scanning and start codon detection. Recent in vitro translation experiments with eukaryotic and bacterial translation systems using either templates in which all Cs were replaced by m5C or where m5C was incorporated into a single codon suggest that m5C affects translation in a negative way [40, 41] . Yet, these studies did not address the question of a translation initiation-specific function of m5C. Interestingly, two recent studies reporting the identification of m1A throughout the transcriptome of mammalian and yeast cells showed that m1A is distinctly enriched in the region harboring the translation initiation site [22, 23] , and it was found that the m1A modification correlated with higher protein expression [23] . It is therefore possible that m5C and m1A are functionally linked either by acting in concert or by antagonizing each other.
Distinct 3′ UTR peaks of m5C in different transcript classes
Our data also revealed increased frequency of m5C sites in 3′ UTRs in some transcript classes, which is consistent with previous findings in human HeLa cells [32] . N6-methyladenosine also shows enrichment in the 3′ UTR, specifically around the translation stop codon [6, 42] .
Comparison with our data, however, revealed that m5C is rather depleted from the m6A peak area at the stop codon (Additional file 2: Figure S8 ). Instead, we find intriguing differences of the relative locations of the respective m5C peaks in transcripts common to ESCs and brain, ESCspecific ones, and brain-specific ones. These results may suggest different functional roles of cytosine methylation in the different transcript classes. For example, m5C could prevent or promote the binding of miRNAs or of RNA binding proteins (RBPs). Indeed, Squires et al. [32] demonstrated an enrichment of Argonaute I-IV binding sites around 3′ UTR m5Cs in HeLa cells. Our analyses in the mouse also revealed statistically significant enrichment of Ago2 sites around m5Cs; however, the actual fraction of Ago2 binding sites that overlaps with m5C was below 0.5%, and m5C is actually depleted from miRNA target sites. Thus, these data do not clearly point towards a role of m5C in miRNA-mediated regulation. By contrast, we detected slightly higher overlap rates for UPF1, SRSF3 and SRSF4, and the PRC2 subunit EZH2. In an earlier work, using an in vitro assay, we have shown that m5C can interfere with the binding of PRC2 to the A region of the human lncRNA XIST [34] . Thus, it is tempting to speculate that m5C might generally regulate PRC2 binding to its targets. Similarly, m5C could interfere with the binding of other proteins involved in RNA metabolism. Hence, the presence of m5C peaks at different locations in the 3′ UTR may modulate the function of distinct functional mRNA classes in specific ways.
Increased cytosine methylation frequency in nuclear poly(A) RNA
By comparative analyses of total and nuclear poly(A) RNA fractions, we discovered substantially higher numbers of methylated cytosines in the nuclear fraction with the majority of them mapping to introns and nonannotated regions. This observation raises the possibility that m5C may be involved in the splicing process or may mark transcripts for degradation. Another intriguing possibility is that m5C may decorate regulatory RNAs, such as promoter-or enhancer-derived transcripts [43] , which was indeed demonstrated by Aguilo et al. in a recent work [44] .
Bisulfite sequencing as a method to determine global transcriptome methylation
In contrast to the recently developed immunoprecipitationbased techniques, aza-IP [29] and miCLIP [30] , which are suitable for identifying the methylation targets of specific RNA methyltransferase (RNMT) enzymes, the BS-seq approach used in this study allows for an unbiased mapping of global cytosine methylation at single nucleotide resolution as well as for determining the extent of methylation of a particular C. However, it is possible that cytosine modifications other than m5C, e.g., 5-hydroxymethylcytosine (hm5C), N4-methylcytosine (4mC), 3-methylcytosine, N4,2′-O-dimethylcytidine (m4mC), or N4-acetylcytosine (ac4C), may be resistant to bisulfite-mediated deamination [31] . It was recently shown by mass spectrometry that hm5C is present in poly(A) RNA at a level of~0.002% of total Cs, while m5C was determined to be in the range of 0.02-0.1% of total Cs [45] . Interestingly, another recent study reported transcriptome-wide mapping of hm5C in Drosophila melanogaster using the meRIP method and implied the single fly homolog of the ten-eleven translocation (TET) protein family in its formation [41] . Thus, it is likely that our analysis slightly overestimates the true number of m5C sites, as a few of them might correspond to hm5C or even other cytosine modifications.
There is some discussion in the field as to the actual existence of m5C in mRNA. Available data for targets of the RNA methyltransferases NSUN2 and DNMT2 revealed no or very few modified mRNAs [46, 47] . The fact that there are at least seven other cytosine RNMTs, however, leaves space for the possibility that one of those enzymes or an as yet unidentified enzyme may modify mRNA. One reason for the skepticism about m5C data obtained by bisulfite sequencing lies in the basic reaction mechanism of bisulfite-mediated cytosine modification, which is inhibited by secondary structure [48] and thus may give rise to false-positive callings. To control for this effect, we included spike-in negative controls that correspond to a highly structured region in 16S rRNA, and we have performed three cycles of bisulfite treatment, which serves to progressively destabilize structure. The experiments using RNA oligonucleotides with highly stable secondary structures confirmed that our bisulfite protocol is able to efficiently deal with the structure problem. Importantly, we eliminated all candidate sites from the dataset that were computationally predicted to adopt a base-paired conformation, and we applied high stringency mapping and m5C calling parameters that depend on the analysis of multiple biological replicates. In fact, it is possible that a considerable number of true positives were discarded due to the rigorous filtering. Considering further the positive validation of several target RNAs by meRIP as an alternative method, we think it is reasonable to conclude that we have generated a high-confidence dataset for future studies. Importantly, our study is also supported by several recent studies that clearly demonstrated by mass spectrometry analysis that m5C is present in poly(A) RNA [45, 49, 50] .
Conclusion
In summary, our study presents, to our knowledge, the first comprehensive picture of cytosine methylation in the mouse epitranscriptome and identifies hundreds to thousands of methylation sites in mRNA, yet much fewer in ncRNAs. The data revealed intriguing differences with respect to m5C numbers and position bias between embryonic stem cells and the brain and between total and nuclear poly(A) RNA fractions. One of the next big challenges will be to identify the enzymes that are responsible for targeting specific positions/regions in mRNAs for methylation. Detailed analyses of the candidate RNMTs NSUN2 and DNMT2 have shown that both have a preference for tRNAs and/or more abundant ncRNAs [3, 29-31, 51, 52] , and rRNA and tRNAs are also the only identified targets for other studied NSUN proteins to date [53] [54] [55] [56] [57] [58] . Therefore, our data provide the foundation for future studies in the mouse, an organism that is highly amenable to experimental manipulation, to address important questions regarding targeting and the functional impact of m5C on the epitranscriptome.
Methods

Sample material
Female mouse embryonic stem cells isolated from 129S2/ SvPasCrl-derived blastocysts were cultured in ESC-2i/ leukemia inhibitory factor (LIF) medium (Dulbecco's modified Eagle's medium [DMEM] high glucose with GlutaMAXTM-1 (Gibco), 20% ES cell tested fetal bovine serum (FBS, Gibco), 1 x Non-Essential Amino Acid (NEAA, Gibco), 0.05 mM β-mercaptoethanol, 12.5 mg/L LIF, 3 mM CHIR99021, and 1 mM PD0325901 (both Axon Medchem)). Whole brains were dissected from 7-week-old female 129S2/SvPasCrl mice, rinsed in phosphate-buffered saline (PBS), and snap frozen in liquid nitrogen.
Preparation of nuclei
× 10
7 mouse ESCs were lysed in hypotonic buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES]-KOH, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM dithiothreitol [DTT], 0.5 mM phenylmethanesulfonyl fluoride [PMSF] ) and nuclei were collected by centrifugation at 4000 rpm. Adult mouse brain tissue (up to 500 mg) was pulverized in liquid nitrogen using a CryoPrep instrument (Covaris). The frozen powder was resuspended in 2 mL of nuclear extraction buffer (10 mM Tris-HCl, pH 8, 0.32 M sucrose, 5 mM CaCl 2 , 3 mM magnesium acetate, 0.1 mM EDTA, 0.1% Triton X-100 (w/v)) followed by douncing. Nuclei were collected by ultracentrifugation through a sucrose cushion (10 mM Tris-HCl pH 8, 1.8 M sucrose, 3 mM magnesium acetate) at 50,000 rpm for 2.5 h using a SW-55 Ti rotor.
RNA isolation
RNA was isolated in biological triplicates from pulverized whole brain tissue (up to 250 mg) and 5 × 10 6 mouse embryonic stem cells as well as from nuclei of both sources using TRIzol (Sigma-Aldrich) following the manufacturer's recommendations. RNA was treated with 2U of DNase I (New England Biolabs, Ipswich, MA, USA) for 15 min at 37°C and purified using RNA Clean & Concentrator 25 Kit (Zymo Research, Irvine, CA, USA). Isolated RNA was then subjected to two rounds of poly(A) RNA enrichment using fresh Dynabeads (Ambion) for each round. RNA quality was assessed using an Agilent 2100 Bioanalyzer, and concentration was determined by measuring absorbance at 260 nm and 280 nm in a UV/vis-spectrophotometer.
Generation of in vitro transcribed spike-in controls
The regions spanning nt 914-1465 of E. coli 16S rRNA and the entire pET15b vector sequence (New England Biolabs) were used as templates for in vitro transcription. First, the region of interest of E. coli 16S rRNA was amplified by PCR with a forward primer harboring a T7 promoter sequence (Additional file 10). The pET15b vector was linearized by BglII and gel purified. We used 1 μg of PCR product or 500 ng of pET15b vector for in vitro transcription with a MEGAScript Kit (Ambion) according to the manufacturer's protocol. In vitro transcribed RNA was treated with 1 μL TURBO DNase I (2 U/μL) for 15 min at 37°C to remove residual DNA template and subsequently precipitated by adding 1 volume of 7.5 M LiCl. The pellet was dissolved in RNase-free a.d. provided in the kit and denatured at 70°C for 30 min in an Eppendorf incubator. Subsequently, the RNA was left to refold during slow cooling to room temperature in the switched-off incubator. The refolded in vitro transcribed controls were added to the RNA samples before bisulfite treatment at a mass ratio of 1:20,000.
Bisulfite treatment
Bisulfite treatment was performed as described previously [34] using the EZ RNA methylation Kit (Zymo Research). Briefly, 1-2 μg poly(A) RNA was converted using three cycles of 10-min denaturation at 70°C followed by 45 min at 64°C. RNA separation from bisulfite solution, desulfonation, and purification were performed using the kit. RNA quantity was determined by absorbance measurement at 260 nm using a Nanodrop UV/Vis spectrophotometer (PeqLab). The efficiency of the bisulfite treatment was tested by PCR-mediated bisulfite analysis [34] of the spiked-in non-methylated control sequences.
Library preparation and sequencing
Sequencing libraries were prepared using the ScriptSeq V2 RNA-Seq Library Preparation Kit (Epicentre), purified with AMPure XP beads (Beckman Coulter) and quantified using the KAPA Library Quantification Kit for Illumina platforms (KAPA Biosystems). RNA fragmenting was omitted, as bisulfite treatment results in fragmentation to 100-250 nt. Libraries were multiplexed at 11 pM and sequenced on an Illumina HiSeq 1500 platform using 100 bp single-end reads in the case of ESC, and pairedend reads in the case of mouse brain. Sequencing runs generated >70 million reads per sample.
Mapping of sequencing reads and m5C calling
Raw sequencing data were extensively filtered to remove low-quality reads and adapter contaminations. Clean reads were mapped to the mouse genome GRCm38/ mm10 using the splice-aware RNA-BSseq alignment tool meRanGs available with meRanTK version 1.0 [35] . Unambiguously aligned reads were then used to call candidate m5Cs using meRanCall from meRanTK version 1.0 (FDR <0.01). Based on the m-bias plots (Additional file 2: Figure S9 ) obtained from meRanGs, 10 bases on the 5′ end of forward reads and 7 bases on the 5′ end of reverse reads were excluded from methylation calling. Furthermore, only bases with a base-call quality score of Q > =35 for single-end reads and Q > =30 for paired-end reads were considered for methylation calling. Candidate cytosine positions were covered by at least 10 reads and had a conversion rate less than 0.8. An m5C candidate had to be present in all three replicates of a given sample. Subsequently, the full-length transcripts containing an m5C candidate were extracted from the RefSeq database (GRCm38.p3) and subjected to secondary structure analysis using RNAfold of the ViennaRNA package (version 2.2.8) [59] . We calculated the maximum expected accuracy (MEA) structure at 70°C (the temperature of the bisulfite conversion reaction) using a gamma of 0.1. The maximum allowed distance between two bases in a pair was set to 150 nt to keep a reasonable computation time. For introns and non-annotated sequences, 300 nt around the m5C candidate position were subjected to folding analysis. Only candidate m5C sites that were predicted not to be base-paired in the resulting structure were retained. The final lists of candidate m5Cs (Additional files 4, 5, 7, and 8) as well as the lists of called m5Cs in the individual replicates prior to additional filtering were uploaded to the GEO database [GEO:GSE83432] . The latter list also shows the identity of the base on the reference genome for each m5C candidate to allow for identification of potential SNPs. The number of detected SNPs was ≤5 in the compiled replicates of total poly(A) RNA and ≤17 for nuclear poly(A) RNA. Thus, SNPs do not pose a problem for m5C calling. To compile lists of unique and common m5Cs, meRanCompare (1.0) was used [35] . An m5C was considered unique to a sample type if it was found in three replicates in one sample type (e.g., ESC total RNA) but not in any one of the replicates of the other sample type (e.g., brain total RNA). The m5C candidates considered common to two sample types were present in three replicates of one sample and in at least one replicate of the other sample. To analyze a potential link between differential methylation and expression in the unique groups, we determined for all m5Cs classified as unique in one sample type the expression of the corresponding gene, the sequencing read coverage of the respective m5C, and also its non-conversion rate in all three replicates of the other sample type. To this end, we used the methylation calling procedure described above. Genes were classified as expressed if the corresponding transcript sequencing coverage exceeded a mean normalized count of 10. If the unique C of one sample type was covered by <10 reads (mean normalized count) in the other sample, it was designated as "low position coverage." If the unique C of one sample type was covered by >10 reads in the other sample but the mean non-conversion rate was <0.2, it was designated as "low methylation rate." Positions in which the mean values for coverage and non-conversion were skewed towards methylation by an individual replicate were classified as "biased mean."
Analysis of m5C position bias
To assess a possible positional bias of m5Cs, mRNAs from the RefSeq database (GRCm38.p2) were divided into three segments (5′ UTR, CDS, 3′ UTR). Each segment was normalized according to its average length. The total normalized transcript was binned into regions of 1% of the total length, and the percentage of m5Cs contained in each bin was calculated and plotted along a normalized meta-gene. To test for enrichment or depletion in each of the segments, a two-sided Fisher's exact test was used in which all possible cytosine positions in each of the three segments (5′ UTR, CDS, 3′ UTR) of the transcripts with an observed m5C were considered. In addition to these three main segments, the +/-25 nt region around the AUG (translation start site) was tested in the same way. In parallel, a set of random Cs (corresponding to the number of observed m5Cs) was picked from the same transcripts and analyzed identically to produce and visualize random meta-gene profiles.
Comparison with miRNA target sites
Conserved miRNA target sites from the mouse with mirSVR score < -0.1 were downloaded from microRNA.org [38] , transferred to mm10, and unique miRNA target sites were overlapped with m5Cs found in 3′ UTRs. To test the statistical significance of the number of observed overlaps, a permutation test was used, in which a number of Cs equal to the number of m5Cs observed in miRNA target sites was randomly sampled from all possible Cs in 3′ UTRs that contained an observed m5C. The test was run for 10,000 iterations, and the resulting p values and Z-scores were reported.
Comparison with CLIPdb data
Binding sites of murine RNA binding proteins reported by PiRaNhA [60] were downloaded from CLIPdb [39] . All available binding sites from all factors and cell types were combined into one BED file, and sites closer to each other than 15 nt were merged. From these, only sites that were unique to a given RNA binding protein and that were shorter than 200 nt were considered for further analysis. The fraction of total known RNA binding protein (RBP) sites overlapping with an m5C site and the number of m5C sites per RBP site was calculated for each RBP and cell type in which the RBP was reported and plotted as bar plots in polar coordinates (radar plots). To test significance of the observed overlaps between m5Cs and binding sites of individual RBPs, a permutation test was used in which a number of Cs equal to the number of m5Cs overlapping with the RBP sites was randomly sampled from all possible Cs in transcripts that had a mean normalized read count greater than 10. The test was run for 10,000 iterations, and the resulting p values and Z-scores were reported.
Estimation of gene expression
Gene expression was estimated by using the BAM files containing meRanGs-mapped reads. Read counts over exons were obtained by HTSeq [61] , and gene expression was determined by DESeq2 [62] .
GO analysis
Gene Ontology (GO) analysis was performed by entering gene IDs of transcripts found to be methylated in the total poly(A) RNA samples into the Gene Functional Annotation Tool at the DAVID website (http://david.abcc.ncifcrf. gov/; version 6.8 Beta). Input was defined as gene list, and official gene symbols were used as identifiers. As a background for the analyses of transcripts methylated uniquely in ESCs or brain, we used the lists of expressed genes (mean normalized read count >10) in ESCs or brain, respectively. For transcripts methylated in both samples, all genes expressed in both samples (>10 reads) were used. Predefined parameters were used for the enrichment analysis for biological process, molecular function, and cellular component. Resulting GO terms and the corresponding p values were then processed by using REVIGO [63] , a tool that summarizes long lists of GO terms by removing redundant ones. The allowed similarity was set to 0.5 in the REVIGO settings. The ten most significant categories were shown.
Comparison of m5C and m6A distribution around translational start and stop codons All available mouse m6A peaks obtained with MACS2 (https://pypi.python.org/pypi/MACS2) [64] were downloaded from MeT-DB [65] and combined into a single BED file with unique peaks. The resulting BED file was transferred from mm9 to mm10, and peak sequences were extracted from the mm10 genome. These sequences were then scanned with Find Individual Motif Occurrences (FIMO) available with the MEME software suite [66] using a position weight matrix representing the canonical m6A motif (HGGACNN) [67] . All unique m6A motif site locations were then compared with m5C sites unique to ESC or brain and common to ESC and brain (all for total and nuclear poly(A) RNA). m5C and m6A site locations within +/-500 nt of the AUG and STOP codons were plotted in 25-nt bins as percentages of all modified m5Cs or m6A sites.
Immuno-northern blot
For immuno-northern blotting, in vitro transcripts corresponding to nt 914-1465 of E. coli 16S rRNA were generated and purified as described above using the MEGAScript Kit (Ambion) according to the manufacturer's protocol with the following modification: in vitro transcription reactions were supplemented with 5-methylcytidine-5'-triphosphate (Trilink Biotechnologies, San Diego, CA, USA) to obtain a ratio of 0%, 50%, and 100% to cytidine-5'-triphosphate. After purification as described above, 1 μg of the transcripts was denatured by incubation at 65°C for 10 min, electrophoresed on a denaturating 1.2% agarose gel, and blotted onto a Hybond-N nylon membrane (GE Healthcare). Blotted RNA was cross-linked in a Stratalinker 2400 UV Crosslinker at 1200 μJ UV with auto-cross-linking setting. The membrane was washed three times for 10 min in 0.1X SSC (1X SSC: 150 mM NaCl, 15 mM sodium citrate, pH 7) and blocked for 1 h in 1xBlocking Buffer (10X Blocking Buffer: 10% (w/v) Blocking Reagent (Roche) in Buffer P1; Buffer P1: 100 mM maleic acid, 150 mM NaCl, pH 7) at room temperature. Incubation with anti-m5C antibody (Diagenode, MAb-081-100) was performed for 3 h at room temperature with a 1:500 dilution of the antibody in Blocking Buffer. Subsequently, blots were washed three times for 10 min in 0.1X SSC and incubated with secondary antibody (1:10,000, anti-mouse light-chain specific secondary antibody, Jackson ImmunoResearch) in Blocking Buffer for 1 h at room temperature. After three washes in 0.1X SSC, membranes were washed twice in Tris-buffered saline with Tween (TBST), chemiluminescence was developed using ECL Prime Western Blotting Detection Reagent (GE Healthcare), and signals were detected in a Fusion SL 3500 WL (Vilber).
Methylation-RNA immunoprecipitation (meRIP)
Isolated RNA was randomly fragmented by incubation at 75°C for 3 min using 1X fragmentation buffer (10 mM Tris-HCl pH 7, 10 mM ZnCl 2 ). Fragmentation was stopped by adding 1X Stop Solution (0.05 M EDTA). We incubated 2 μL of anti-m5C antibody (2 mg/mL; Diagenode, MAb-081-100) with 30 μL of protein G sepharose (GE Healthcare) in 300 μL IP buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Triton-X (v/v)) with 2 μg of random 25 nt oligonucleotides to reduce unspecific binding for 2 h at 4°C on a rotating wheel. The same procedure was performed for a control reaction using mouse IgGs (Santa Cruz Biotechnology). Bead-antibody complexes were washed three times with IP buffer and finally brought to 250 μL with IP buffer and supplemented with 200 ng control RNA (in vitro transcribed E. coli 16S rRNA nt 914-1125). A 10-μg sample of RNA was added to the bead-antibody complexes and incubated with 1 μL RNasin overnight at 4°C on a rotating wheel. After several washes with IP buffer, RNA was incubated in 300 μL elution buffer (5 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.05% SDS, and 80 μg Proteinase K) for 1 h at 50°C. Beads were removed by centrifugation in a microcentrifuge, and the supernatant was mixed with 800 μL TRIzol (Sigma-Aldrich) for RNA isolation as described above. We used 1 μL glycogen (20 μg/μL) as a carrier in the final precipitation step. The RNA pellet was dissolved in 10 μL a.d. and subjected to reverse transcription. Enrichment of candidate RNAs was measured by quantitative real-time PCR of immunoprecipitated RNA by comparing the anti-m5C antibody sample with the IgG control. E. coli in vitro transcripts served as an internal unspecific binding control and were used to normalize binding of the RNA of interest to IgG control and the test antibody sample. Data were expressed as relative enrichment over IgG control, and statistical significance was determined by unpaired t test of three independent experiments with p < 0.05 using GraphPad Prism 7.0. Sequences of primers used for qPCR are shown in Additional file 10.
RNA synthesis and mass spectrometry analysis RNA oligonucleotides were synthesized by the solid-phase method as described previously [68] . Purified oligos were denatured at 95°C for 30 s, refolded in the presence of 100 mM KCl by slowly cooling down to room temperature, and treated with bisulfite as described above.
